In glaucoma, the cup to plate ratio enlargement is a recognized pathological phenomenon. At present, the research on optic nerve in China and abroad mainly focuses on 2-dimensional research, and the measurement of 3-dimensional volume data is less well studied. Therefore, the recognition of 3-dimensional morphological changes is conducive to timely clinical intervention to prevent or slow down progressive vision loss.
Background
In 3-dimensional (3D) volume data, the nerve tissue in the optic nerve head (ONH) is shown and measured separately, and can be viewed internally by cutting at any angle without a block. After enhancement of the signal to noise ratio (SNR) and contrast, the nerve structure can then be defined to 4 significant figures. The improved 3D scan and reconstruction of the ONH provides more detail and clinical information. The 3D/2-dimensional (2D) parameters measured as 3D volumes of the ONH, provide supplemental information to evaluate glaucoma, in addition to the 2D fundus imaging technique.
In glaucoma patients, the ONH is the most vulnerable region of the posterior eye, owing to the mechanical weakness of this structure compared with the sclera [1, 2] . Morphological differences can be observed between glaucoma and control eyes. While changes in several 1-dimensional and 2-dimensional (2D) parameters were well described, 3D morphological analysis can provide valuable additional information on complex structural distortions, including the deeper vertical nerve structures. Compared with control groups, the greatest differences in the 2D measurements the optic cup and rim has been reported in previous studies [3, 4] . Thus, the upper surface of the ONH showed the greatest degree of structural deformation, and this was reflected by the 3D data. The nerve tissue in and around the ONH was markedly compressed. These 2D and 3D dimensions of the cup and rim may provide additional diagnostic criteria for glaucoma.
Glaucoma is the leading cause of age-related blindness [5] [6] [7] . It is characterized by progressive structural damage to the optic nerve and death of retinal ganglion cells [8] , and is usually associated with chronically elevated intraocular pressure (IOP) [9] . High IOP causes structural deformation of the ONH [10] [11] [12] [13] , which may ultimately destroy nerve tissue. These morphological changes can be assessed using a variety of imaging modalities, including optical coherence tomography (OCT) [14, 15] . Morphological changes to the ONH not only reflect disease onset and progression, but may also be useful as diagnostic markers [16] [17] [18] . Defining relevant morphological parameters for detection is critical because damage is irreversible, but it can be halted or slowed by IOP-lowering drugs [9] .
Many studies have examined the morphological changes in the optic nerve and ONH in glaucoma patients. ONH morphology was often expressed by the ratio of optic cup to optic disc diameter (cup/disc ratio, C/D), which is increased in glaucoma [5, 8, 13] . Histological sections revealed obvious differences in ONH structure between glaucomatous and normal eyes [16, 17] . Analyses of the neural canal opening (NCO) morphology also revealed structural changes during glaucoma [12] . Using finite element model analyses, they found that the ONH/ NCO morphology was affected by high IOP [18] [19] [20] . It has been reported that acute IOP elevation in monkeys altered lamina cribrosa shape, resulting in injury to the optic nerve. In recently years, some studies have used in vivo OCT to study the early morphological changes during glaucoma [21] , and analyses of deep structures of the eye with 3D resolution close to that obtained by tissue histology [22, 23] . Compared with 2D measurement results in the fundus, the 3D morphological data obtained from slice images have provided more accurate information, with nerve tissues not overlapping other tissues, and tissue slice images with minimum intervals. From 3D volume OCT images, additional morphometric parameters can be measured, such as the longitudinal C/D of the ONH [24, 25] to identify more subtle changes associated with glaucoma [4] , particularly in the acute stage.
Although there are some research studies about morphometric change of ONH using OCT image, the advantages of 3D imaging of ONH still have not been sufficiently studied to analyze the development of glaucoma. Some basic and clinic research still is performed based on the 2D fundus of ONH, measurement limited 3D dimensions of optic nerve tissues by the noseries tomography. The 3D ONH morphometric parameters, or some 2D parameters only determine volume data, which could be more efficiently extracted from the OCT volume data. Based on these shortages, we reconstructed and measured 3D morphometric changes of the ONH in acute angle-closure glaucoma and healthy samples. The dimensions of retinal nerve fiber layer (RNFL), optic cup, rim, NCO, narrowest neural canal opening (N-NCO), and retinal pigment epithelium/Bruch's membrane (RPE/BM) (3D and 2D) were extracted and measured in all samples as 3D series ONH volume data. As morphometric features, the parameters of 3D ONH may more accurately reflect the optic nerve tissue changes in 3D tissues and could supplement current methods to evaluate glaucoma by 2D fundus imaging.
Material and Methods

Patients
From December 2012 to August 2018, 16 eyes with primary acute angle-closure glaucoma and 21 normal individuals were selected for the study from the Department of Ophthalmology, Affiliated Hospital of Taishan Medical University. The samples selected in the study included 9 patients with acute angle-closure glaucoma. Inclusion criteria for the glaucoma group were definitive glaucoma diagnosis in the absence of diabetes mellitus or other optic nerve injuries and visual system traumas. The objective clinical diagnosis examinations of glaucoma were the comprehensive appearance of IOP (³21 mmHg), C/D (enlarged cup) and abnormal visual field. At the time of initial diagnosis of acute glaucoma, without any eye medical treatment and OCT imaging before, the whole ONH could be imaged by OCT volume scanning. The complete ONH volume data was obtained by 3D measurement. All 3D eye images showed cup bottoms without any image defects.
The IOP of glaucoma patient group IOP was ³21 mmHg, with a C/D ³0.6. As the control group, the healthy eyes IOP between 15 mmHg and 20 mmHg, clinically normal C/D and visual field. All IOP data were obtained using a tonometer (TOPCON CT-80A; TOPCON, Tokyo, Japan). Each eye underwent basic fundus imaging by OCT using the Heidelberg SPECTRALIS ® HRT+OCT, B-Scan module (Heidelberg Engineering, Heidelberg, Germany). This study was approved by the Ethics Committee of Taishan Medical University for research involving human participants, and adhered to the tenets of the Declaration of Helsinki.
Imaging and processing
All data were reviewed and confirmed by an ophthalmologist with experience in glaucoma diagnosis for at least 15 years (YT). For 3D volume imaging, every eye was scanned by longitudinal series tomography centered on the ONH with a 512×512×496 3D matrix in a 5.7 (5.8)×5.4×6.2 mm 3 field of view (FOV). To eliminate the impact of OCT implanted software, we exported the raw image data to a desktop computer and performed the series processing separately.
Using a separate computer, the raw data (image stacks) were compiled into 3D volume data after preprocessing and rigid affine transformation. The preprocessing included a ratio transform, noise reduction, image enhancement, and slice interpolation, by using MATLAB software (MATLAB 6.0; The Math Works Inc., Natick, MA, USA). In each original image, the display ratio was transformed from 3: 2 to 3: 1, which had a uniform ratio conforming to the raw imaging field (5.7 (5.8)×5.4×6.2) mm 3 [24, 26] . Then, we applied the median filter to control the image noise, to provide a good SNR image for clinicians. The contrast limited adaptive histogram (CLAHE) method was used for every image enhancement to strengthen the contrast of different layers of the retina and to limit the high contrast background. The algorithm was successfully used in fundus enhancement [15] . After filtering and CLAHE, the average SNR of the tomography slices increased to 36.88 from 9.77. The final preprocessed data are shown in Figure 1 , and all preprocessing was supervised and validated by an ophthalmologist.
Measurements
Measurements and analyses of 3D morphology were all based on volume data, which was reconstructed by volume rendering and multilane reconstruction (MPR). Some verifications were aided by cure MPR (CMPR). After interpolated volume rendering, the matrix of 3D ONH was 512×512×496 mm 3 , and the voxel size was 0.01×0.01×0.1636 mm 3 . Anatomical locations and reference points were identified by an experienced physician with 3D view MIMICS (MIMICS15.0; Materialize Inc., Leuven, Belgium) software. The ophthalmologist (DC) selected landmarks and drew color points on the 2D/3D images. A 3D view sample of the marker is shown in Figure 2 . The manually selected method in 3D perspective was verified to be effective and successful [15, 27] . The optic cup, optic rim, RNFL, N-NCO, and RPE/BM can be marked by using the method.
The areas and volumes of the nerve structures were calculated from the measured distances between points. The 2D information included the area of the rim, N-NCO, and the boundaries of the RPE/BM. The 3D measurements included the volume of the optic cup and rim. There were some parameters of N-NCO and RPE/BM defined as 3D data, including the inclination and round degree, since the measurement was performed on the 3D reconstructed ONH rather than on each signal slice. To avoid introducing auto-segmentation algorithm errors, all measurements and calculations were completed manually, and the data reported were averages of 3 separate measurements per subject. After the measurement, the marked positions of all optic nerve tissues were reviewed and confirmed by another physician.
The reference point locations from one typical OCT image in the central cross-section of the ONH are shown in Figure 3 . For rim and cup markings, we used a reference plane 0.1500 mm above the RPE. According to Leung [25] , measurements using this plane yielded better performance data for glaucoma analyses.
Statistical analyses
All statistical analyses were conducted using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). Levine's test was used to test whether variances from both of the groups were equal, and the SPSS software provided t-test values for equal variances assumed and Mann-Whitney U test values for unequal variances assumed. Furthermore, Spearman correlation was performed for the correlation between intraocular pressure and indexes with significant changes in glaucoma group. This is an exploratory research, so we didn't perform any correction. P<0.05 was regarded as statistically significant.
Results
This study included 37 eyes of which 16 eyes were from patients with primary acute angle-closure glaucoma and 21 normal eyes were from healthy individuals used as controls. There were 12 dimensions of optic nerve tissues in ONH detected and compared, including RNFL thickness, the widths, and areas of the optic cup, rim, N-NCO and volumes of the optic cup and rim. The results are shown in Table 1 . The relationship between the parameters of ONH and IOP. The results are shown in Figure 4 .
There were 2 differences in all morphometric parameters studied between glaucoma and control groups. The 2 differences were noted in the optic cup volume (Z=-2.545, P=0.01) and rim width (Z=2.974, P=0.003), others no difference (P>0.05), with a particularly dramatic increase in optic cup volume in glaucoma patients. In the glaucoma group, the reduction of rim width was obvious, and was thought to relate to optic nerve degeneration and ONH deformation. Moreover, the intraocular pressure of glaucoma is always greater than the intraocular pressure of normal eyes (Z=-5.169, P<0.001).
Analyze and compare the rim width, optic cup volume and intraocular pressure of glaucoma and normal eyes. It can be seen in Figure 4 , the rim width was negatively correlated with the intraocular pressure value (r=-0.579, P<0.001) and the optic cup volume was positively correlated with intraocular pressure (r=0.536, P<0.01). 
Discussion
We compared all morphometric dimensions of the ONH region between glaucoma patients and matched controls using 3D OCT volume imaging. Six parameters could only be tested by our 3D volume data, including the surface, and volume parameters. The data from the 3 areas were highly accurate because the results were averaged by data in different scan angles, which can only be obtained from volume data. These parameters were measured with micron resolution, and significant changes was observed in the rim width and optic cup volume of glaucoma patients.
The 3D analysis of the ONH using OCT, may reveal useful subtle morphological changes for early glaucoma diagnosis [28, 29] . The optic nerve fibers within the ONH are directly affected by the surface pressure load. As indicated in fundus images, rim area deformation caused thinning of the rim signal and cup expansion. The rim is composed of a large number of crowded optic nerve axons. Changes in rim area, height, and width are sensitive indicators of glaucoma. The change in volume due to deformation reflected complex morphological changes in the entire ONH but not simply tissue displacement. These complex 3D microscopic changes in the morphology of different ONH structures may provide additional insight into glaucoma pathogenesis.
In addition to the obvious deformation of the ONH, the rim width and optic cup volume also obviously differed between the control and glaucoma groups, others no difference. All measurements of rim width and optic cup volume areas were performed at the same time as other ONH measurements. The reference points used to measure the morphology of the ONH. The width of the NCO is indicated by the green line joining the top and inner edges of the RPE. The reference plane was determined by tracing a line parallel to the NCO width plane with an offset of 0.1500 mm (white line). On this reference plane, the internal diameter of the rim edge was the cup diameter (width). The N-NCO was determined by the innermost and inward fold point of the choroid. ONH -optic nerve head; NCO -neural canal opening; N-NCO -narrowest neural canal opening; RPE -retinal pigment epithelium.
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Several previous studies reported that the NCO (RPE/BM) was more stable than other ONH structures under elevated IOP [4, 12, 21, 26, 30] . In our study, there were statistically significant, albeit modest, differences between the rim width and optic cup volume groups. One possible reason could be insufficient sample size. Another confounding factor could be that our cases of glaucoma were not grouped by severity of IOP elevation.
At present, studies of optic nerve connective tissue are the major focus of research into the pathogenesis of glaucoma [26] . In this study, the 3D morphology of the lamina cribrosa was not measured. However, all data acquired for 3D reconstruction were retained for further structural analyses.
Three-dimensional volume information can also be used to explore the disc offset difference between the longitudinal image and the fundus image. However, disc measurements from fundus images may not detect the difference, and this could introduce subjective errors, especially in the measurement of C/D ratios [31, 32] . If the measurements were made by using both fundus and tomographic OCT images, the subjective error caused by blood vessels and artifacts may be reduced and the C/D ratio may be determined more accurately.
The 3D volume analysis has another important application for biomechanical analyses in nerve structure finite element method (FEM) analysis. A model based on OCT images in vivo could be more complementary to FEM analysis than the section slice modeling procedure. The analytical results should become more accurate if the edge and depth structural image limitations can be solved in 3D imaging.
There were some limitations to this study. First, the OCT imaging should be improved. The edge of the lamina cribrosa and central blood vessels could not be captured in the image. Nerve structures were also not clearly shown in the OCT images. Second, the sample number was limited, therefore it was difficult to compare these measurements to previous studies. For example, the rim area and N-NCO width were significantly different from reference samples [4, 25] . However, the imaging did reveal differences in the N-NCO. Only larger ONHs allowed for imaging of the entire cup surface and RPE/BM termination with high quality. Therefore, the small ONHs included in our study could have contributed to group differences. Finally, we did not divide eyes according to IOP.
Conclusions
Three-dimensional OCT measurements demonstrated significant differences in the 3D morphology of the ONH in glaucoma patients. We suggest that glaucoma causes complex deformation of different ONH structures. In this study, we measured 12 separate morphometric dimensions in glaucoma and healthy eyes by 3D volume reconstruction of OCT images. The volume data and 3D measurement method may assist the understanding of deformation in spatial relationships. These deformations may provide additional markers for glaucoma diagnosis, and could facilitate a timelier diagnosis and treatment.
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